The ATLAS Pixel Detector is the innermost detector of the ATLAS experiment at the Large Hadron Collider at CERN, providing high-resolution measurements of charged particle tracks in the high radiation environment close to the collision region. This capability is vital for the identification and measurement of proper decay times of long-lived particles such as B-hadrons, and thus vital for the ATLAS physics program. The detector provides hermetic coverage with three cylindrical layers and three layers of forward and backward pixel detectors. It consists of approximately 80 million pixels that are individually read out via chips bump-bonded to 1744 n-in-n silicon substrates. In this paper, results from the successful operation of the Pixel Detector at the LHC will be presented, including monitoring, calibration procedures and detector performance. The detector performance is excellent: 96.2% of the pixels are operational, noise occupancy and hit efficiency exceed the design specification.
Introduction
The ATLAS Pixel Detector [1, 2] shown in Fig.1 is the innermost detector of the ATLAS experiment [1] situated at the LHC at CERN. It is made of three concentric barrel layers centered around the beam axis and two endcaps with three discs each, forming a three-hit system up to pseudo-rapidities of ±2.5. 1744 modules are distributed on the whole detector. There are 13 on each stave of the barrel layers and 48 per disk. The modules are mounted on a carbon fiber support where an evaporative C 3 F 8 cooling system is installed to absorb the heat produced by the modules and allow the operation at temperatures below 0
• C (most modules are being operated at −13 • C, the warmest one being operated at −5
• C) in order to limit the effects of radiation damages. The innermost layer (called b-layer) of the Pixel Detector lies as close as 5.05 cm from the beam axis. In the near future, during the upgrade phase of the LHC, an additional layer, the IBL (Insertable b-layer) will be inserted at a distance of about 3.3 cm from the beam axis, and is planned to be operational for data-taking in 2014.
Pixel Detector Modules and Electronics
The Pixel Detector modules (Fig. 2) are made of a 250 µm thick silicon sensor with an active area of 16.4x60.8 mm 2 . 16 front-end per module are bump bonded to the sensor [3] . The module controller chip (MCC) on the top of each module sends trigger information, commands and configuration data and performs event builidng. The total number of pixels is greater than 80 million. There are 47 232 of them per module. The resolution of each pixel is 10 µm in Rφ and 110 µm in z. There are only 46 080 readout channels due to the presence of special pixels ( Fig. 3) with different sizes or properties to cover the inter front-end chip regions. A normal pixel (in blue on Fig. 3 ) size is 50 µm× 400 µm. The long pixels (in yellow on Fig. 3 ) which have a size of 50 µm× 600 µm bridge the gaps between the readout chips in the long pixel direction. The ganged pixels (in green on Fig. 3 ) are used to bridge the gap in the other direction : two sensor pixels are connected to the same electronics. The capacitance of those special pixels and those surrounding them is higher and the noise of those channels will thus be increased. Each pixel cell contains a charge sensitive preamplifier, a discriminator and the necessary digital readout logic to transfer hits to the peripherical circuitry of the chip. As a particle crosses the sensor, the hit location, time stamp and time over threshold (ToT, measured in units of bunch crossings (BC), corresponding to 25 ns) are sent out. The ToT is a nearly linear function of the deposited charge and is thus used to evaluate the deposited energy and improve the center of clusters estimation.
Calibrations
A complete set of calibrations is run on the whole detector everytime the Pixel Detector is switched off then back on, i.e. during each technical stop and after the winter shutdown or powercuts. Modules throwing errors during data taking are also regularly tuned. Noise masks are created to disable noisy pixels.
In the next sections, some calibration processes will be presented.
Threshold Tuning and Noise
Threshold and noise of the analogue part are measured by injecting several times a known and increasing number of charges at target threshold and counting the number of generated hits. The optimal value is set for a 50% efficiency of detection. Figure 4 (left) shows the measured threshold values of all scanned pixels in the detector after tuning at 3500 e for different types of pixels. Most pixels are centered around the target threshold value, the typical RMS of the threshold distribution after tuning is about 40 e. The noise values obtained from the same threshold scan are shown in Fig. 4 (right) . The behaviour is clearly different between the normal pixels and the long pixels or ganged pixels. This expected effect is due to the higher load capacitance those sensor pose to the electronics, as discussed above. The typical pixel noise for this tuning is thus : 170 e for normal, 200 e for long and 300 e for ganged. The high noise values in the tails of the distributions, visible in the logarithmic plot, have been traced back to bump bond problems at the edges of some sensors.
If all pixels were enabled, 1 noise hit per event would be expected. To reduce this high rate, during Pixel Detector standalone runs, noisy pixels (i.e. pixels with an occupancy larger than 10 −6 ) are identified and masked online. It represents around 0.1% of pixels for a 3500 e threshold tuning. The noisy pixel mask obtained this way is then transmitted to offline and additional pixels are then masked offline on run-by-run analysis. Finally, after offline masking, the noise rate is below 10 −9 .
ToT Tuning
The ToT if tuned by varying the feedback current that determines the slope of the preamplifier response so that a mip (minimum ionizing particle (20 ke)) has a time over threshold of 30 BC. Figure 5 shows the average ToT for a 20 ke charge injection in all pixels of the detector before (blue) and after (red) tuning. A 1 BC resolution is obtained after tuning and the distribution peaks around 30 BC.
Detector Performance Example and Status

Hit-to-track association efficiency
An example of the excellent performance of the Pixel Detector is given by the hit-to-track association efficiency. Figure 6 shows the efficiency at which, for a given reconstructed track, a hit can be found on the different parts of the Pixel Detector. The efficiency is approximately 99% on most layers. Disabled modules are taken into account but not disabled front-ends or pixels. This explains the drop in efficiency on the disks. The 100% efficiency for the b-layer is an artefact of the track selection and, therefore, this measurement is not representative of the efficiency on this layer. 
Non-working Modules
As of the 14 th of November 2011, out of 1744 modules, 64 modules were deactivated. Within this 64, 6 were deactivated due to a single optoboard failure. Tab. 1 shows the inactive fraction on each subpart of the detector due to these modules. Figure 7 shows the percentage of disabled modules by failure type.
SubPart
Inactive fraction b-layer 3.1 % Layer 1 1.4 % Layer 2 5.7 % Endcap A 2.8 % Endcap B 3.5 % In addition, 48 front-ends were disabled on the remaining functional modules. In total, 3.8 % of the detector is disabled. The percentage of disabled modules grew from 2.1 % to 3.8 % in 3.5 years of operation. The IBL is needed to restore the initial performance. Some other modules might be re-enabled after the one year shutdown if the Pixel Detector will be extracted from the ATLAS detector and taken back to the surface. 
Summary
The ATLAS Pixel Detector, after 3.5 years of operation, has been performing successfully. It is regularly retuned. The threshold has been tuned at 3500 e with a dispersion of 40 e and an average noise of 170 e. The ToT has been tuned to 30 BC with a resolution of 1 BC. 96.2% of the detector is operational. The offline noise rate is smaller than 10 −9 and the data taking efficiency superior to 99%. The hit-to-track association efficiency is about 99%. The radiation damage is already observable but pixels can withstand about 100 times more radiation. In 2014, thanks to the IBL, the initial performance will be restored and even improved.
